High resolution electron microscopy can within certain limits provide quantitative information on morphology and composition of crystalline materials. In layered structures of III-V semiconductor compounds changes resulting from interdiffusion phenomena across interfaces may result in image contrast changes because of composition sensitive electron scattering. A new approach for extracting the corresponding information from cross-section images of such interfaces is introduced. Local variations of similarity, a measure of comparability with respect to previously defined templates of known material composition on both sides of the interface, are recorded by image analysis. On the basis of the well-worked outfuzzy set theory variations of the underlying chemical composition are evaluated by applying fuzzy logic criteria of inference to image regions of about 1 nm x 1 nm in size.
Introduction
Advanced technologies of semiconductor crystal growth such as molecular beam epitaxy (MBE) allow the production of layered structures of III-V compounds like GaAs and associated heterostructures with nearly atomically smooth interfaces. Essential physical properties of opto-electronic devices directly depend upon the quality of these * Corresponding author.
interfaces, which is also governed by interdiffusion processes. For this reason, quantum well and superlattice structures of compound semiconductors are increasingly studied. Besides spectroscopic and analytical methods, high resolution electron microscopy (HREM) provides highly resolved lateral information on this subject.
For studying the quality of interfaces as well as the interdiffusion in layered III-V compounds structural and compositional information can be obtained from HREM micrographs by quantitative image analysis. Already established techniques like chemical mapping developed by Ourmazd et al. [l] and its more general extension QUANTITEM by Schwander et al. [2] are based on vector pattern recognition methods. Substantial contributions to chemical mapping of III-V compounds have also been given by De Jong and Van Dyck [3] , Thoma and Cerva [4] and Walther et al. [S] . In contrast to these in the present paper a fuzzy logic approach is introduced, initiated by a paper of Tyan and Wang [6] , which also attains near-atomic resolution, given by the size of crystal sub-cells of the material imaged.
On the basis of two image templates of material with known composition distant from the interface, similarity values S of small image areas (cells) are determined by a difference measure. The similarity of neighbouring cells within appropriately defined masks about lnm x lnm in size is evaluated in order to draw conclusions about the variations of the composition C, especially at distinct compositional boundaries. Thejiizzy set theory [7, 8] allows fuzzy logic (FL) inference criteria to be adapted to the correlation between local similarity and composition. The inference criteria are formulated in fuzzy rules and applied to the physically based types of membership functions, which involve the similarity behaviour related to the templates. The fuzzy logic approach described is the application of a well-worked out mathematical theory. The kind of membership functions as well as the fuzzy rules have to reflect the physical problem to be solved. For the triangular membership functions derived, the FL inference meets the physical requirements, i.e. the 'conservation of matter (total amount of atoms in the sublattices is constant)' and the 'monotonicity of the chemical gradient'. In FL, there is no need to formulate, approximate and solve any analytical apparatus for this dynamical and non-linear problem. The characteristics of deducing the composition from similarity variations are derived from results of contrast simulations. The approach makes use of the one-to-one relation of similarity and chemical composition under appropriate experimental conditions. This assumption is critically discussed for different materials and crystallographic orientations, with two topics being treated in detail in the present paper:
(i) the localization of image regions with significant changes in composition (edge detection),
(ii) the chemical mapping of composition across the interface region.
In Section 2 the techniques of composition mapping and edge detection will be introduced and discussed on the basis of simulated HREM images. After a description of material aspects and data acquisition techniques, the development of the FL formalism will be described and graphically illustrated. In Section 3 experimental micrographs of III-V materials, exhibiting modifications in one sublattice owing to growth (layer structures) or physical treatment (interdiffusion), will quantitatively be analysed by the fuzzy logic tools.
Method

I. HREM and materials aspects
The simulation of HREM images according to structure models with realistic properties is an appropriate means of developing and testing algorithms of image analysis. Useful experimental conditions such as, e.g., the optimum defocus can be pre-determined from calculated contrast tableaus. In the following, HREM image simulations of GaAs with a variable content of P in the group V sublattice are used. We are specifically interested in the group V sublattice, since in contrast to the reasonably good knowledge of diffusion processes in the group III sublattice of GaAs, see, e.g., Ref. [9] , very little is known about diffusion processes and point defects in the group V sublattice.
The scattering behaviour of a statistical mixture of two different elements in one sublattice (e.g., Al, Ga, or for the case of interest As, P) can be approximated by the so-called VCA-interpolation (see also [lo] ). If, for instance, the atomic scattering factors are interpolated according to changes of the As/P ratio, the intensity of the (2 0 0} reflections varies strongly with the statistical increase of the P content. The strength of the (2 0 0} reflections may be interpreted as the "degree of polarity" of the GaAs, _,P, crystals. For image contrast simulations, commercial computer programs are available, e.g., EMS [ll] , with the "multi-slice" algorithm implemented for the dynamical diffraction within the crystal and the general non-linear image formation theory considered. The physical background of chemical mapping techniques (cf. [12] ) is based on the variation of electron scattering according to the composition of the III-V crystals. Apart from the chemical composition of the crystals, specimen thickness and imaging parameters strongly influence the image patterns. underfocus of 30 nm is used here as the optimum value which was determined by preliminary studies with the defoci varying from -25 nm (overfocus) to 75 nm (underfocus). In the horizontal direction, the As/P ratio is varied in steps of 10%. To approach realistic conditions, additive amorphous noise is included in the image simulations, which amounts to 30% of the total contrast with the Fourier characteristics of the corresponding contrast transfer function.
A systematic comparison of the resulting contrast patterns shows that their relative similarity correlates with variations of the chemical composition, even when amorphous noise is present. From a number of similarity measures tested and published [13, 141 , the standard deviation SD of the difference pattern of two compared images proved to be nearest to linearity. The measure of similarity S of two images I, and I, having a cell size of m x n pixels reads: S = (rm*"{Z;," -Z;."}, D -standard deviation (SD).
(1)
Using Eq. (1) with the two internal templates of GaAs and GaP shown as insets in Fig. la yields two series of similarity values along the marked row. The corresponding profiles plotted in Fig. lb represent the similarity/composition characteristics in the pre-determined experimental parameter window. Fig. 2a presents the zoomed GaAs and GaP templates to outline clearly the problem of image cell comparison. As shown in Fig. 2b and discussed in [ 151 the characteristics are sensitive to any noise in the image and to grid misalignment with respect to the template. The solid line represents the case of perfect alignment free of noise; the curve is less steep for 30% amorphous noise and does not attain the value S = 0 (identity). A grid shift of two pixels essentially disturbs this characteristic relative to the slope for perfect alignment. For crystal cells of 32 x 32 pixels in size an axial template shift by 16 pixels corresponds to the translation vector of periodicity as the self-similarity profile of Fig. 2c shows. For direct comparison of the GaAs and GaP templates, the difference measure of similarity cannot drop below a certain level as plotted in Fig. 2d . Even for arbitrary grid-mismatches there will be no pattern fit. The effects of noise, misalignment and geometrical specimen imperfections on chemical mapping are discussed in more detail elsewhere [12, 161. For reasons of compatibility with experimentally recorded images, a specimen model of P-poor GaAs/P (P < 50%) is established based on a stepwise chemical conversion from GaAs to GaAso,5Po.5. The simulated image shown in Fig. 3 is calculated for (0 0 1) crystal orientation and appropriate imaging conditions (crystal thickness r x 11 nm, defocus A z 30 nm). Four interface structures are observed having different barrier gradients of chemical composition ranging from a slight linear variation of the As/P ratio (region I) to an abrupt As/P step (region IV). A certain roughness of the interfaces is modelled by considering composition changes in the diagonal image direction. This model with amorphous noise added proved to be an appropriate test object for the development of the FL approach.
For image analysis, all cells of the HREM image simulated are compared with the respective cells of two internal reference templates, viz. pure GaAs and GaAso.5Po,5, yielding two matrices of similarity. The 3D relief of Fig. 4 displays the similarity values normalized for the barrier-type composition model of Fig. 3 (see also Ref. [17] ). On the basis of these similarity matrices, the fuzzy logic classification and analysis will be discussed in detail in the next sections.
Image analysis
As Figs. 1 and 2 demonstrate the similarity values of GaAsP(0 0 1) show a quasi-linear correlation with the variation of the chemical composition. The same behaviour has been found for the system AlGaAs. Considering the simulated HREM image of Fig. 3 the similarity S of any image cell Zi,j to the reference templates of GaAs, marked by A, and to GaAso.5Po.5, marked by B, is defined by 
Basic concept offuzq logic
Before the fuzzy logic set theory is applied to the HREM image analysis the FL methodology (see, e.g. [S, 18, 191 ) is introduced and described very briefly.
In fuzzy logic, information, characterized by a certain degree of truth, can be quantified and mathematically analysed. In 1965, Zadeh [7] proposed a description of fuzzy information by graphs, expressing the degree of membership. The possibility of combining different membership functions then allows conclusions to be drawn on linguistic variables. In FL, membership functions are generally defined to express the degree of partially matching prototype properties in terms of set theory and logic. If the specific kind of the assumed membership functions fits the behaviour of the system, set theoretical operations allow quantitative conclusions to be drawn. The relations between the fuzzy sets are formulated by linguistic fuzzy rules of inference, as will be described in the next two sections. For studying the capacities of fuzzy logic in pattern recognition, database systems, approximate reasoning and decision making as well as in engineering applications the reader is referred to [20] .
Applying the FL formalism requires the variables of interest, i.e. similarity and composition to be expressed by the fuzzy sets in an adequate way for the whole range of definition. The characteristics of the membership functions (cf. figures below) such as the amount, support (base size), degree of intersection, and, especially, the shape (triangular, Gaussian, trapezoidal, . . . ) determine the reliability of the results obtained by applying the fuzzy rules formulated.
The values of similarity and composition derived are transformed into fuzzy logic membership functions. The quasi-linear behaviour compared to given prototypes of images allows triangular fuzzy sets to be defined by normalization and inversion, which will be demonstrated in the following sections where the fuzzy logic formalism is specified for the detection of compositional edges and for the chemical mapping of HREM micrographs of IIIIV compounds.
FL approach to edge detection in HREM images
The idea of the fuzzy logic algorithm derived in the following is to analyse similarity values of neighbouring image cells which are selected by means of appropriate masks. Generally, the size of the masks considered for identifying distinct image changes, called edges, depends on the nature and characteristics of the images (cf. [21] ). Preliminary studies discussed in [22] showed that for HREM images of crystals 2 x 3 (or 3 x 2) masks are adequate because they keep a maximum number of interpretable image cells.
In The image analysis is done by applying both fuzzy sets s-A and LB to each of the six cells inside the 2 x 3 mask which gives the fuzzy variables Si,j-1, Si.j, Si,j+ 1, Si+ l.j-1, Si+ i,j and Si+ i,j+ 1. According to the fuzzy rules represented symbolically in Fig. 6 for edges parallel to the image borders (l)-(4), and for edges in diagonal direction (5H8), fuzzy sets of composition are obtained. This way, transitions associated with both sides of an edge inside the mask are analysed.
The fuzzy variable of composition C(i, j) represents the result of the inference. For the variable C the two fuzzy sets a(ltered) and u(nchanged) are defined, where the set 'a' identifies the positions of edge-type similarity and composition, respectively. Fig. 6 contains solely those fuzzy rules which result in edge detection, i.e. they provide that C(i, j) is a. By definition, for all other of the possible 32 cases C(i, j) is u is valid.
The fuzzy logic rules parallel to the borders of the image read:
(1) If Si,j_ 1 is A and S,,j is A and Si+ l,j_ 1 is B and si+ 1,j is B, then C(i, j) is a. 
wi E] mi mi For crystal type patterns the following diagonal rules are established:
Depending on the degree of intersection of the A and B fuzzy sets, the edge-type similarity features in the HREM patterns can be recognized more or less convincingly, according to the technique of defuzzification [S, 231 . It has been checked that even for large variations of the degree of intersection of the triangular fuzzy sets (cf. Fig. 5 ) only one crystal cell in a monotonic gradient of composition is identified as an edge. An ambiguous repetition of bounds would suggest the misleading impression of composition oscillations. The formulated fuzzy rules exclude each other with respect to the conclusions. For this reason the defuzzification can be done by the fast "maximum method" [23] , i.e. the highest degree of membership determines the result.
For demonstration the four-barrier model of Fig. 3 is analysed here. The FL rules are expected to identify and mark the trace of edge-like similarity changes in the image plane built up from 16 x 32 cells. Fig. 7 shows that parallel as well as diagonal oriented parts of the composition barriers fit the FL criteria, displayed by the value 1 for the corresponding cells. The positions of cells having minor compositional variations in the neighbourhood are depicted by zero-values. Because of the 2 x 3 mask size and the intentionally very rough four-barrier model "drop outs", as may be recognised by gaps in the interface, cannot be avoided. respectively. Both masks of neighbouring cells (i, j) and (i + 1, j) have an identical position and their orientation is perpendicular to the interface, as it is shown in Fig. 8 . The image analysis is done by a tailored formalism [24, 25] applying the fuzzy sets simultaneously to one A-and one B-related mask which gives the fuzzy variables: If there are combinations of cell similarity values, which do not fulfil any of the FL rules (lH13), no composition can be concluded. Further fuzzy logic rules may be added to achieve some kind of "drop out" correction by allowing one of the four similarity conditions to be violated.
FL approach to chemical mapping of 111-V compounds
For histograms of the form given in Fig. 5 (see also Fig. 12 ) the fuzzy sets are specified by triangular membership functions. To illustrate the analysis in more detail, Fig. 9 shows the three triangular fuzzy sets of similarity (s, m, d) used and the five fuzzy sets of composition obtained in a graphic representation. The measured values of similarity (x-axis) related to A (left) and related to B (right) provide degrees of membership (y-axis) for the HREM image analysis are discussed in the following section.
Application to experimental HREM images
The following applications refer to the established system (Al,Ga)As imaged with (1 1 0) crystal orientation in the electron microscope. For the (1 1 0) crystal axis the electron diffraction of III-V sphalerite structures is non-centrosymmetric (polar) intensifying the non-linear relation between composition and similarity. This behaviour, e.g., studied in [ 171 by comparing the similarity profiles related to the two templates, is not critical with respect to edge detection. The FL analysis of varying composition gradients in 2.3 and 2.4 obviously provided unambiguous results of barrier detection. For chemical mapping, the deviations from linearity related to the different templates compensate each other partially as will be discussed later.
The first experimental example is a cross-section of an A1As/A10,4Ga0.6As interface in MBE-grown material. The HREM micrograph of Fig. 11 has image dimensions of about 11 x 11 nm'. For studying the properties of the interface by edge detection as well as for extracting the Al/Ga-profiles, reference templates were generated from image areas distant from the interface where the chemical composition is known from growth conditions and physical reference methods. Parts of the full-size patterns, averaged by Fourier filtering and/or accumulation techniques, which are used for image comparison are shown at the top and at the bottom of Fig. 11 . The reference template A (top) is related to AlAs and B (bottom) is related to A10.4Ga,,.6As. The lateral mismatch between the generated templates and the crystal lattice in the HREM image, systematically studied in Section 2.1, is reflected by the closest similarity and the slope attainable in the "S/cell s/#-graph" (see Figs. 2 and 1) as well as by the histogram of similarity (cf. Fig. 14, Fig. 15) .
The values of similarity may be presented as half-tone maps as it is shown in Fig. 12 . Since it is not required that the cell size (m x n) should reproduce exactly the crystallographic unit cell for this kind of approach, N-row = N-co1 = 32 is chosen here. The darker a cell is displayed in the maps of Fig. 12 the larger is the dissimilarity, i. e. white represents closest similarity. At the border of the maps distortions arise, because the Fourier filtered template patterns do not fulfil the condition of periodic continuation. In addition to the similarity/composition relation, the type of template preparation, amorphous noise, lattice distortions and grid mismatch are reasons for deviations. A statistical analysis of the images provided an error bar of 7% with respect to the similarity values. In both maps which are nearly complementary the interface can be distinctly recognised.
The lower part of Fig. 12 shows the histograms of both maps of similarity. The graphs clearly show two well-distinguishable peaks with a range of similarity transitions (interface) in between. It is obvious that the form and the height of the peaks vary with the template used. The AlAs-template is of good symmetry with respect to both parts of the HREM image, whereas the AlGaAs template does not produce a narrow distribution of similarity values for the AlAs region of the micrograph.
The result of the complete FL image analysis of the Al/GaAs micrograph (cf. Fig. 11 ) is summarized in Fig. 13 . The upper part shows the output of the fuzzy logic edge detection procedure. The fuzzy rules (l-8) are in practice capable of providing a close trace of edge-type similarity/composition variation as visible in the image plane. Where no such edge-type variation is detected, cells are represented by zero-values. In this way the parameters of physical interest for III-V diffusion studies such as the position and course of the interface, can be clearly and easily derived. While the interface analysed here is relatively smooth, artificially roughened interfaces also can be interpreted successfully [22] .
From the middle part of Fig composition provide interpretable and valuable profiles of the chemical diffusion gradient as shown in the bottom part of Fig. 13 . For computing the profile, the two axes of the plot have to be calibrated: l the enlargement, the scale or the number of cells in the image (x-axis), l the chemical composition of the two templates (plateaus in the y-axis). The parameters of physical interest for III-V diffusion studies such as the slope can clearly be derived.
In certain cases of multilayer systems the crystal lattice cannot be assumed to be uniform across the whole image area of HREM micrographs under investigation. This can be caused, for instance, by a lattice misfit between the two crystalline materials at the interface, by the growth conditions or other reasons. If there remains strain in the lattice it is nearly impossible to determine a grid that completely fits the matrix of image cells. As shown in Fig. 2 and checked in practice for the case given in Fig. 11 , a grid-mismatch in the order of 25% of a cell size (asymmetric unit) disturbs the one-to-one correlation of similarity and composition. Such conditions may be illustrated by the HREM micrograph of another interface in the system (Al,Ga)As shown in Fig. 14 . It is obvious that the Al/Ga composition, given from the growth conditions, seems to vary in the AlGaAs region. There are severe distortions of the periodicity in the lower part of the HREM image which are possibly intensified by thickness variations resulting from the preparation. It proved to be impossible to derive a representative template for the AlGaAs part. Three attempts to create templates of AlAs by Fourier filtering of various initial regions in the micrograph are shown by the respective difference patterns. A clear distinction of the two components adjacent to the boundary is impossible. The maps of cell similarity are affected by grid misfit and variations of the chemical composition of the same order of magnitude. To make the extracted cell similarities applicable to edge detection or chemical mapping in spite of these drawbacks the reference templates would have to be adapted to the crystal distortions cell by cell.
The corresponding histograms of the similarity maps shown in Fig. 15 provide profound hints on the selectivity of the templates applied. There is no case having a distinct minimum between the two peaks of similarity as it is expected for correct templates. The histograms of templates 1 and 3 reveal something like a minimum, but, as Fig. 14 clearly shows, the two weak maxima can not be related to the III-V composition at both sides of the interface. Further, HREM micrographs of the material system Al/GaAs provided similarity maps of different quality. Whereas the edge detection algorithm clearly could identify an interface even if only one template was of sticient quality, the FL chemical mapping technique required both matrices of cell similarity to be suitable.
The last experimental example has been chosen to point out the limitations of the approach to HREM of III-V compounds designed. It is not a limitation of the FL technique of image analysis but a problem of data acquisition in pre-processing. In all cases the maps of cell similarity as well as the histograms allow to determine the reliability of image analysis. Improving the sensitivity of the approach to experimental applications requires the individual fit of the templates cell by cell to compensate geometrical imperfections of the crystalline images.
Conclusions
A novel fuzzy logic approach to the HREM image analysis has been developed and used for structural and chemical analyses of III-V semiconductor interfaces. The analysis of HREM patterns is based on the determination of similarities of image details in relation to templates (basic image patterns) of known crystal composition. The values of similarity are transformed into adapted fuzzy A formalism of edge detection is introduced to distinguish crystal regions with different properties. These edges (interfaces, barriers) are defined by relatively distinct changes of the image patterns. The fuzzy rules derived for neighbouring image cells (2 x 3 masks) combine two triangular membership functions of similarity to give conclusions of distinct alterations of composition.
The paper presents examples of the successful application of this algorithm to the localization of edge-type features in HREM images. The reliability of the fuzzy rules derived is demonstrated for various interface models by evaluating simulated contrast tableaus of GaAs/GaAsP(O 0 1) interface regions. The FL edge detection applied to experimental micrographs of the system (Al,Ga)As( 1 1 0) enables the position of the III-V interface region to be detected.
The fuzzy logic rules formulated for the determination of the chemical composition allow us to analyse the similarity gradient of neighbouring image cells (2 x 1 mask) in relation to two templates of different, but known composition. To this purpose, the values of similarity are transformed into triangular fuzzy logic membership functions to draw inference from the FL rules locally fulfilled.
The FL approach of composition analysis was applied to simulated HREM images of GaAs/ GaAsP(0 0 1) interface models. In its reliability the FL analysis compares with the "chemical mapping" technique [l, showed that the FL approach provides reasonable results even under non-linear conditions of (1 10) crystal orientation. The deviation of the determined composition from the true one can be estimated by comparing the similarity characteristics of both templates with respect to their complement. The evaluation of experimental HREM material of III-V crystals proved to be successful in providing valuable results.
The lateral resolution of both methods is of the order of one projected unit cell. The respective masks are about 1 nm x 1 nm in size. The exact course of barriers as well as the composition gradient related can be quantified by fuzzy logic conclusions. It is noteworthy that the proposed FL approach is implemented on PC platform and can easily be adapted to commercial image processing software. By the definition of adapted, new sets of fuzzy rules the approach can easily be extended to the analysis of other image features.
